Introduction
Covalent electron donorbridgeacceptor (DBA) conjugates provide valuable insight into unimolecular charge-transport dynamics that allow their use in molecular and optoelectronic devices, solar energy conversion, and nanoscale applications such as information storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] These studies are also important as models for the stepwise charge-transfer processes in complex naturally occurring systems, such as the photosynthesis reaction center. [12] [13] [14] [15] It is, therefore, of paramount importance to understand the effects of systematically varying the chemical structure and length of the bridge in new DBA systems, where the bridge mediates the electronic coupling between donor-and acceptor moieties over large distances. 4, [16] [17] [18] [19] [20] [21] [22] [23] [24] Coupling typically decays exponentially with increasing distance between the D and A termini, 25 as reflected by the electron-transfer rate constant k ET . Thus, the rates of charge separation and recombination are characterized by 
where k 0 is a kinetic pre-factor, R DA is the electron donor-acceptor distance and  is the attenuation factor, which varies with the intrinsic electronic properties of the bridge. The value of  should be low for efficient and rapid charge-transfer reactions. Generally, low  requires a high degree of conjugation across the entire DBA system, i.e. a homogeneously conjugated molecular bridge and efficient electronic coupling of the bridge to the terminal D and A units. Note, however, that π-conjugated bridges exhibit a transition in the charge-transfer mechanism from coherent transfer to hopping at longer bridge lengths.
Gating charge transfer has been demonstrated upon chemical or conformational modification of the π-conjugated bridges. For example, when [2,2′]-paracyclophanes are introduced into oligo-pphenylenevinylene bridges, their through-space π-π interactions have a large effect on the chargetransport properties. Selective photoexcitation of either D or A enables unidirectional charge transfer in the form of holes from A to D, but suppresses it from D to A. 26 Likewise, significant flexibility of oligo-4 p-phenylenevinylenes affects the charge transfer. Temperature-dependent experiments have shown that charge separation is gated by torsional motions, which are operative between an electron-donating tetracene and the first bridge phenyl ring. Charge recombination in multiple phenyl-vinyl linkages has also been found to be temperature dependent. 27 Many different molecular bridges have been used to link D-A conjugates. Representative examples are oligo-phenylenevinylenes (oPVs), [28] [29] [30] [31] [32] oligo-phenyleneethynylenes (oPEs), [32] [33] [34] [35] [36] [37] [38] [39] oligofluorenes (oFls), [40] [41] [42] [43] oligo-vinylfluorenes, 44 ladder-OFls, 45 oligo-ynes, [46] [47] [48] [49] oligo-thiophenes, [50] [51] [52] [53] oligovinylthiophenes, 54 oligo(ethynylene-10,20-porphyrindiyl-ethynylene)s, 55 oligo-phenylenes, [56] [57] [58] [59] [60] and others. 61, 62 It should be noted that different -values have been reported for the same bridge connected either to different Ds and As, or to the same Ds and As via different linking units. 63 In both cases, the key feature is the extent of matching/mismatching of the donor-bridge and acceptor-bridge energy levels, which modify the conjugation pathway.
Fluorene is a very effective conjugating molecular wire; 64 the attenuation factor of oFl bridges [40] [41] [42] [43] lies between those of oPVs and oPEs. This property renders oFls ideal building blocks for fine tuning electronic properties by systematic structural changes. Indeed, this feature of fluorene has been widely recognized in the design of semiconducting materials for organic light-emitting devices and photovoltaic cells, in which co-oligomers and co-polymers of fluorene with other conjugated monomer units, for example electron-deficient benzothiadiazole [65] [66] [67] or dibenzothiophene-S,S-dioxide (S), [68] [69] [70] [71] [72] [73] [74] are used to modulate charge transport.
The objective of this work is to synthesize and study the photophysical properties of new ZnPBC 60 (ZnP = zinc(II)porphyrin) conjugates that incorporate both fluorene (Fl) and dibenzothiophene-S,S-dioxide (S) building blocks in the molecular bridge. A co-oligomer approach has been remarkably effective in terms of the synthetic design of π-conjugated polymers. Addition of electron-rich or electron-poor substituents to the polymer backbone respectively, assists in increasing or 5 decreasing the acceptor or donor energy levels. For example, polymers containing boron received great attention due to their excellent performance: both donor and acceptor energy levels are lowered by more than 0.5 eV, as shown by the increased electron affinity. 75, 76 Such a strategy, however, with co-oligomer units in the bridge has not been explored previously in DBA conjugates. Fl and S are topologically very similar, so that replacing Fl by S should have minimal effect on the length and conformation of the resulting bridges. The impact of the electron-withdrawing nature of the S unit on the photoinduced charge-transfer properties in DBA conjugates can therefore be explored. We are aware of only one detailed report of the incorporation of electron-deficient building blocks into the bridge of DBA conjugates: ZnPBC 60 conjugates with a diphenyl-1,2,3-triazole bridge. In particular, changes in the electronic coupling were found to depend on the different connectivity at the central 1,2,3-triazole unit and to alter the charge-transfer dynamics but not gate the charge transfer. 77 Reference 77 therefore differs from the present work, in which the special molecular feature is that the dibenzothiophene-S,S-dioxide unit is placed at different positions in the bridge, with the same connectivity at the S and Fl units in all cases. Such a strategy enables insights into the influence of electron-deficient building blocks in oligomeric bridges in terms of modulating and gating charge transfer in D-B-A conjugates. ZnP and C 60 were selected as electron donors and acceptors, respectively, based on their unique features in DBA conjugates. 40, 77, 78 Most importantly, the small reorganization energies in electron transfer reactions place the charge separation and recombination far from the maximum of the Marcus parabola into the normal and inverted regions, respectively. Based on the aforementioned the ways and means are ensured to measure accurately and to evaluate both the charge separation and the charge recombination dynamics. followed by addition of DMF to afford the desired mono-formylated product 2 in 72% yield. Next, Suzuki-Miyaura cross-coupling reactions between Br-S-CHO 2 and fluorenediboronic ester BE-Fl-BE 3 80 gave BE-Fl-S-CHO 4 in 34% yield, which was separated by chromatography from the symmetrical dialdehyde 5 (6% yield). In a similar way, 3 equivalents of Br-S-Br 1 and BE-Fl-CHO 6 81 gave Br-S-Fl-CHO 7 in 81% yield together with the symmetrical dialdehyde derivative (OHC-Fl-S-Fl-CHO) 8 in low yields. The yield of 8 was increased to 83% following another process described in the Supporting
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Information. Br-S-Fl-CHO 7 was then reacted with bis(pinacolato)diboron to afford BE-S-Fl-CHO 9, which decomposed on attempted purification, and was therefore used directly in the next step. The 1 H NMR spectrum of the crude product 9 showed no evidence for the presence of any unreacted starting material 7, which, if present, could compete with 11 in the next step of the reaction sequence. Reaction of 7 with BE-Fl-BE 3 gave BE-Fl-S-Fl-CHO 10 (52% yield). 7 Scheme 1. Synthesis of molecular bridges incorporating both fluorenes (Fl) and dibenzothiophene-
S,S-dioxides (S).
Porphyrin (H 2 P) was attached to the bridges using a cross-coupling reaction between 5-(4-bromophenyl)-10,15,20-tris(4-t-butylphenyl)porphyrin 11 41 and the boronic ester group of the bridges 4, 9, or 10 to give the H 2 P-Ph-bridge-CHO derivatives 12-14, in 52%, 10%, and 61% yields, respectively (Scheme 2). The low yields of 13 are because aldehyde 9 could not be obtained pure (vide supra). Upon refluxing 12-14 with zinc acetate in chloroform, the corresponding zinc porphyrins ZnP-Ph-Fl-S-CHO 8 (15) , ZnP-Ph-S-Fl-CHO (16) , and ZnP-Ph-Fl-S-Fl-CHO (17) were obtained as purple powders in high yields. These were then attached to C 60 in the form of fulleropyrrolidines using Prato conditions 82, 83 of the in situ generated azomethine ylides, which afforded the target DBAs ZnP-Ph-Fl-S-C 60 (18) , ZnPPh-S-Fl-C 60 (19) , and ZnP-Ph-Fl-S-Fl-C 60 (20) Chart 1. Model compounds used in this work.
Solution Electrochemical Studies. The redox properties of the DBAs and their references
were studied by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) ( Figure S1 ). The relevant CV and DPV data are summarized in Table 1 . N-methylfullerenopyrrolidine -2.05 -1.52 -1.13 a Potentials are reported in V (half-wave potentials: E1/2); scan rate 100 mV s -1 . Measurements were performed at room temperature in dichloromethane containing 0.1 M TBAPF6 as supporting electrolyte with a glassy carbon as the working electrode, a platinum counter electrode, and Ag-wire as a quasi-10 reference electrode. The values are corrected for ferrocene as an internal standard. The peak potentials obtained from the DPV measurements were converted to E1/2 values using the formula Emax = E1/2 -(ΔE/2), in which ΔE is the pulse amplitude (25 mV).
Using [5,10,15,20- The first two oxidation processes for 15 and 17, and the three for 16 are in sound agreement with those found for ZnP. The third oxidation in 17 is attributed to a bridge-centered step, as also seen in 8.
Likewise, several quasi-reversible processes were observed for DBAs 18-20. Here, the first two oxidations are attributed to processes involving ZnP. The third oxidation in the case of 19 is in good agreement with the ZnP reference. In contrast, the third oxidation in 20 is assigned to the Fl-S-Fl bridge.
However, the latter is shifted cathodically by 150 mV compared to the first oxidation of diformyl derivative 8 because of the conjugation between the electron-withdrawing formyl groups and the Fl-SFl, whose oxidation potential is accordingly higher. Perepichka et al. observed that the incorporation of S into an oligofluorene bridge results in a substantial reduction in the energy gap. 68 Our own 11 investigations reveal a similar behavior, which is particularly pronounced in 23 in comparison to Fl-Fl-CHO. In short, the presence of the electron deficient S in the bridge leads to a decrease in the energy gap by 324 mV for 23 and by 55 and 85 mV for 18 and 19, respectively, compared with previously reported analogs without the S unit. 41 Independent confirmation for the lack of significant ground-state interactions came from density-functional theory (DFT) calculations at the B3LYP 84 /cc-pVDZ 85 level of theory. In particular, the natural population analysis (Table S4) /cc-pVDZ and additional configuration interaction singles calculations (CIS) with the AM1* Hamiltonian 87 in the gas phase and solution using a polarized continuum model. 91, 92 The CIS and TD-DFT calculated vertical energies for local excitations (Table S4) 
stemming from the bridge, which is, however, not the main cause of the fluorescence quenching.
The latter was confirmed in experiments without any filter. Despite the fact that the fluorescence quantum yield of 8 in THF is 0.62, no presence of any intensive signals was noted. Notably, 380 nm excitation directs the light nearly quantitatively to the bridge rather than to C 60 . Still, the excitation spectrum strongly resembles the absorption spectrum of 24 ( Figure S3b) . It is safe to conclude that the C 60 fluorescence evolves, to a large extent, from a singlet excited state energy transfer and, to minor extent, from direct excitation. To confirm hypothesis, electron-transfer contributions from the photoexcited bridge had to be ruled out. The almost constant (approximately 6 x 10 -4 ) fluorescence quantum yields of C 60 in solvents of different polarity (Table S1 ) rule out any contribution from chargetransfer processes. 81, 93 Upon excitation of reference compounds 15-17 at either 350 or 420 nm, mostly the ZnP fluorescence is observed, which remains constant regardless of the solvent polarity (Table S2) .
As the UV region of the absorption spectra is dominated by bridge features, an almost quantitative (Table S2 ). Complementary transient absorption measurements were performed to determine the nature of the deactivation pathways. Argon-saturated solutions of reference compounds 15-17 and DBAs 18-20 15 were photoexcited at either 387 or 430 nm. Despite the excitation of the bridges at 387 nm, no spectral evidence that would imply bridge-centered excited states was found in 15-17. Instead, the differential spectra recorded directly after the excitation resemble the fingerprints of the ZnP singlet excited state. Overall, an acceleration of the charge recombination upon increasing the solvent polarity was observed, which suggests that the dynamics are placed into the inverted region of the Marcus parabola 46, 95 (Table   3 , Figure S7 ). Careful analysis revealed only weak electronic coupling of 5.54 and 4.68 cm -1 , b) 17 respectively, for 18 and 19. In case of 20, insights into electronic coupling were provided by analysis of the molecular frontier orbitals ( Figure S16 ). The DFT calculations revealed important differences. In 18 and 19, the HOMO is delocalized on the ZnP and the majority of the bridge. Whereas in 20, the overlap of the frontier orbitals is less significant. The latter, in combination with the increasing separation of the HOMO and LUMO levels, indicates smaller electronic coupling in 20.
All the kinetics following 430 nm excitation are collated in Table S3 . Additionally, due to the direct excitation of ZnP and C 60 at 387 nm, intersystem crossing to their triplet-excited states is observed. These were identified by long-lived triplet transitions at 486 nm for ZnP 94 and 684 nm for 
Conclusions
A new series of ZnP-wire-C 60 conjugates (18) (19) (20) , in which co-oligomer bridges incorporating both fluorenes (Fl) and dibenzothiophene-S,S-dioxides (S) are covalently linked to electron-donating ZnP and accepting C 60 , has been synthesized and characterized. The special feature of these systems is that the position of the S units in the co-oligomer linker is systematically varied. In this way, the electronic coupling between the two electroactive terminal units, ZnP and C 60 , has been tuned.
Only subtle effects in terms of charge transfer evolve when the S unit is placed either adjacent to ZnP (19) or C 60 (18) as photoexcitation of either ZnP or C 60 affords the efficient formation of a chargeseparated state followed by a slower charge recombination. Both electron and hole-transfer are likely to be operative. In stark contrast, placing the S unit in the center of the bridge with one Fl unit adjacent to ZnP and one adjacent to C 60 (20) , either blocks or activates the charge-separated state formation on 24 photoexcitation of ZnP or C 60 , respectively. In other words, unidirectional charge transfer is only possible for holes, but not for electrons because of the electron-withdrawing nature of the S unit. This also affects the charge recombination, which appears to be appreciably faster in 20 than in 18 or 19.
Molecular-modeling studies corroborate the experimental results. This work establishes that dibenzothiophene-S,S-dioxide is an excellent electron-mediating subunit for incorporation in bridges of donor-bridge-acceptor systems and for probing how subtle electronic effects influence the photophysical properties of the arrays.
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